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Saving Tachyons in Open String Theory
Taejin Lee
Department of Physics, Kangwon National University, Chuncheon 24341 Korea∗
Using string scattering amplitudes of open bosonic string on a single D-brane, we construct a
local field theoretical action for tachyon fields. Cubic local interactions between various particles,
belonging to the particle spectrum of string may be directly followed from three-string scattering
amplitude. These cubic local interactions may generate perturbative non-local four-particle inter-
actions, which may contribute to four-string scattering amplitude. It was observed that tachyon
field in open bosonic string theory must be represented by a complex field in order to reproduce
the Veneziano amplitude, describing four-tachyon scattering. The Veneziano amplitude, expanded
in terms of s-channel poles was compared with the four-tachyon scattering amplitudes in s-channel
generated perturbatively and it was found that a quartic potential term is needed in the local field
theoretical action, which describes open string theory effectively in the low energy regime. With
this quartic term, the tachyon potential has a stable minimum point and the tachyon field may con-
densate. As a result, both tachyon and gauge fields become massive at Planck scale and completely
disappear from the low energy particle spectrum.
PACS numbers: 11.25.-w,11.15.-q
I. INTRODUCTION
The birth of string theory is widely credited to the Veneziano amplitude [1], which was later known to describe
four-tachyon-scattering of open string theory [2]. The four-point amplitude of scalar particles possesses the crossing
symmetry and exhibits Regge behavior at high energy, which are important in understanding the strongly interacting
processes. Shortly after the advent of Veneziano amplitude, Virasoro [3] and Shapiro [4] constructed another crossing
symmetric amplitude which was named as the Shapiro-Virasoro amplitude. It later turned out that the underlying
structures behind these amplitudes were quantum relativistic strings and the Veneziano amplitude and the Shapiro-
Virasoro amplitude correspond to four-tachyon-scattering amplitudes of open string and closed string respectively.
Since the presence of tachyons indicates that the system is unstable, bosonic open string theory has not been considered
as a realistic model. In an effort to construct a more stable realistic model, super-symmetric string theories have been
proposed by Neveu, Schwarz [5, 6] and Ramond [7]. In the case of super-symmetric theory, known as the NSR
(Neveu-Schwarz-Ramond) model, one can consistently remove the unwanted sector, containing tachyons by applying
the GSO projection [8].
More recent studies on tachyons in string theory have utilized tachyons to describe unstable D-brane systems:
Unstable D-branes may decay into stable lower dimensional D-brane systems [9]. As tachyon condensates on a D-
brane, an exactly marginal boundary term may be induced on the world-sheet string action. The conformal field
theory with this marginal boundary term has been studied extensively by using the boundary string field theory [10–
14] and the boundary state formulation [15–22], because it may describe time evolution of unstable D-brane systems
[23].
This present work studied scattering amplitudes of open string theory in the proper-time gauge [24–31], to construct
the local action for tachyon fields on a bosonic single D-brane. The three-string scattering amplitudes completely fix
cubic couplings of various particles which appear in the spectrum of free open string. Then, using the usual Feynman
diagrams, the four-particle scattering amplitudes, generated perturbatively by the cubic interactions were evaluated
and compare to the four-string scattering amplitudes. There are some differences between the four-particle scattering
amplitudes generated by cubic interactions and corresponding ones obtained from string scattering amplitudes. This
discrepancy may be due to contributions of local four-particle interactions to four-particle scattering amplitudes,
included in the string scattering amplitudes. Therefore, it is possible to completely fix the local four-particle interac-
tions, which may arise in string theory. By applying this procedure to the tachyon scattering amplitudes, it is possible
to find a local quartic tachyon potential that may lead the tachyon field to condensate. The tachyon condensation
may stabilize the D-brane system to turn tachyons into massive particles. After condensation occurs, gauge fields
also acquire masses and the particle spectrum of open string on a single D-brane contains massive particles only.
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2II. CUBIC INTERACTION TERMS FROM THREE-STRING-SCATTERING AMPLITUDE
The cubic interaction terms of particles may be directly read off from three-string-scattering amplitude. The three-
string-scattering amplitude may also be obtained by evaluating the Polyakov string path integral [32] on a Riemann
surface which depicts a string world sheet of three-open-string scattering. As discussed in previous works [25, 27], it
is convenient to choose a proper-time gauge to cast string scattering amplitude into the Feynman-Schwinger proper-
time representation of quantum field theory. The three-string scattering amplitude may be written in the proper-time
gauge [26, 27] as
I[3] =
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
)
2g
3
〈Ψ1,Ψ2,Ψ3|E[1, 2, 3]|0〉, (1a)
E[1, 2, 3]|0〉 = exp
{
1
2
3∑
r,s=1
∑
n,m≥1
N¯ rsnm α
(r)†
nµ α
(s)†
mν η
µν +
3∑
r=1
∑
n≥1
N¯ rnα
(r)†
nµ P
µ
+τ0
3∑
r=1
1
αr
(
(p
(r)
µ p(r)µ
2
− 1
)}
|0〉, (1b)
where P = p(2) − p(1). Here N¯ rsnm and N¯ rn are the Neumann functions of three-string scattering in the proper-time
gauge. The scattering amplitudes of three-particle-scattering on a space-filling D-brane, which can be decomposed
into three-particle scattering amplitudes, can be obtained by choosing the external string state as follows
〈Ψ(1),Ψ(2),Ψ(3)| = 〈0|
3∏
r=1
(φ(r) +A(r)) (2)
where φ(r) = φ(p(r)), A(r) = Aµ(p
(r))a
(r)µ
1 , r = 1, 2, 3. The cubic couplings of gauge fields A
µ and tachyon field,
φ are directly deduced from the three-particle scattering amplitudes. Fig. 1 illustrates an expansion of three-string
scattering amplitude in terms of three-particle scattering amplitudes.
= +
+
+
+ ...
FIG. 1: Three-string scattering and cubic couplings.
The three-tachyon scattering amplitude readily follows from Eq. (1a) and Eq. (2) :
Iφφφ = 2g
3
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
)
3∏
r=1
(
φ(p(r))
)
. (3)
It can be also understood as a local cubic term in the field theoretical action for tachyon
Aφφφ = 2g
3
∫
ddxφ3. (4)
3The scattering amplitude for two-tachyon and one-gauge particle is given by
IφφA = 2g
3
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
)
〈0|(φ(1)φ(2)A(3) + φ(1)A(2)φ(3) +A(1)φ(2)φ(3))
e
τ0
∑3
r=1
1
αr
(
(p(r))2
2 −1
)(
3∑
r=1
N¯ r1a
(r)†
1 ·P
)
|0〉, (5)
where τ0 = −2 ln 2 and N¯11 = N¯21 = 14 , N¯31 = −1 [25]. Imposing the on-shell conditions for tachyon and gauge fields
leads to:
IφφA = g
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
) (
p(1)µ − p(2)µ
)
φ(1)φ(2)A(3)µ. (6)
Note that if φ is real, this term may vanish. For open string on N multiple D-branes, the tachyon and gauge fields
may be represented by U(N) matrix valued fields. Then the scattering amplitude, IφφA is not vanishing and may be
written as
IφφA = g
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
)
p(1)µ tr (φ(1) [φ(2), A(3)
µ]) . (7)
Similarly, scattering amplitude of one-tachyon and two-gauge particle, IφAA may be evaluated
IφAA = 2g
3
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
)
〈0|(2φ(1)A(2)A(3) + 2A(1)φ(2)A(3) + 24A(1)A(2)φ(3))

12
3∑
r,s=1
N¯ rs11a
(r)†
1 · a(s)†1 +
1
2!
(
3∑
r=1
N¯ r1a
(r)†
1 · P
)2
 |0〉
= g
∫
ddx (φAµA
µ + φ∂µA
ν∂νA
µ) . (8)
The second term may be considered as an α′-correction to the cubic coupling of φφA. As for cubic coupling of gauge
fields, recalling that the scattering amplitude of three-gauge particle has been evaluated before in Refs. [25–27]. The
three-gauge particle scattering amplitude was found to be
IAAA = I(0)AAA + I(1)AAA, (9a)
I(0)AAA =
24g
3
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
)
〈0|A(1)A(2)A(3)
{
1
2
3∑
r,s=1
N¯ rs11a
(r)†
1 · a(s)†1
(
3∑
r=1
N¯ r1a
(r)†
1 ·P
)}
|0〉
= 0, (9b)
I(1)AAA =
24g
3
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
)
〈0|A(1)A(2)A(3)

 13!
(
3∑
r=1
N¯ r1a
(r)†
1 ·P
)3
 |0〉
=
g
3
i
∫
ddxFµ
νFν
λFλ
µ. (9c)
The first cubic interaction term of gauge field, I(0)AAA vanishes for gauge field (N = 1) on a single D-brane. This is
consistent with absence of cubic term in the action of U(1) gauge field. For gauge fields on N multiple D-branes, which
represented by U(N) non-Abelian fields, this term does not vanish and may be identified as the cubic interaction part
of the covariant Yang-Mills action
I(0)AAA = gi
∫
ddx tr (∂µAν − ∂νAµ) [Aµ, Aν ] . (10)
The second term, I(1)AAA is in consistence with the α′-correction to the three-gauge field interaction term, which was
obtained by previous approaches [33–36].
4III. VENEZIANO AMPLITUDE AND FEYNMAN DIAGRAMS
From the string theory, the four-tachyon-scattering amplitude is described by the Veneziano amplitude: The four-
tachyon scattering amplitude in (s, t) channel may be written in terms of Mandelstam variables as
F tachyon[4] (s, t) = g2
Γ
(− s2 − 1)Γ (− t2 − 1)
Γ
(− s2 − t2 − 2) (11)
where s+ t+ u = −8. It may be expanded with Regge poles in s-channel,
F tachyon[4] (s, t) = −g2
∞∑
n=0
(α(t) + 1) (α(t) + 2) · · · (α(t) + n)
n!
1
α(s)− n
= − 2g
2
s+ 2
− g
2 (t+ 4)
s
− g
2
4
(t+ 4)(t+ 6)
s− 2 + · · · (12)
where α(s) = 1 + s/2 and α(t) = 1 + t/2. To be precise, the four-tachyon scattering amplitude of string theory,
deduced from the Veneziano amplitude should be written as
IVenezianoφ4 =
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
φ(p(1))φ(p(2))φ(p(3))φ(p(4))
)
F tachyon[4] (s, t)
=
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
φ(p(1))φ(p(2))φ(p(3))φ(p(4))
){
− 2g
2
s+ 2
− g
2 (t+ 4)
s
+ · · ·
}
. (13)
This expansion of the Veneziano amplitude shall be compared with the four-tachyon-scattering amplitudes generated
perturbatively by cubic interaction terms obtained in the previous section. Fig.2 pictorially depicts expansion of the
Veneziano amplitude in terms of Regge poles in s-channel. The Veneziano amplitude contains the scattering amplitude
due to a local quartic tachyon interaction in addition to those generated by cubic particle interactions perturbatively.
(1)
(2) (3)
(4)
...
FIG. 2: Feynman diagrams of four-tachyon scattering amplitude.
The first term in the expansion Eq.(13) is in perfect agreement with the perturbative scattering amplitude of four
tachyons mediated by tachyon propagator as depicted in Fig. 2.
Ipert
φ4
∣∣∣
tachyon
= 2g2
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
φ(p(1))φ(p(2))
1(
p(1) + p(2)
)2φ(p(3))φ(p(4))
)
=
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
− 2g
2
s+ 2
) (
φ(p(1))φ(p(2))φ(p(3))φ(p(4))
)
.
5The second term in the expansion may be reproduced by a perturbative the Feynman diagram of four-tachyon
scattering amplitude mediated by a massless gauge particle. However, as observed in the last section, if the tachyon
field φ is a real scalar, the cubic coupling between two tachyons and one gauge field vanishes so that it is impossible to
generate perturbatively the four-tachyon-scattering amplitude mediated by a massless gauge particle. This difficulty
may be resolved if we represent the tachyon field by a complex field. Then, the scattering amplitude, IφφA, rewritten
in terms of the complex tachyon field, is not vanishing
IφφA = g
∫ 3∏
r=1
dp(r)δ
(
3∑
r=1
p(r)
) {(
p(1)µ − p(2)µ
)
φ†(1)φ(2)A(3)µ
}
= −i
∫
ddx
(
∂µφ
†φ− φ†∂µφ
)
Aµ. (14)
This cubic coupling between tachyon and gauge fields generates perturbatively the four-tachyon scattering amplitude
written as:
Ipert
φ4
∣∣∣
gauge
= −g
2
2
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
φ(p(1))†φ(p(2))φ(p(3))φ†(p(4))
)
(p(1) − p(2))µ 1(
p(1) + p(2)
)2
(
ηµν −
(
p(1) + p(2)
)µ (
p(1) + p(2)
)ν
(
p(1) + p(2)
)2
)
(p(3) − p(4))ν
= −g
2
2
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
φ(p(1))†φ(p(2))φ(p(3))φ†(p(4))
){2(t+ 4) + s
s
}
(15)
where the gauge field propagator is chosen by Gµν(p) = − 1p2
(
ηµν − pµpν
p2
)
. The Mandelstam variables are defined
for four-tachyon-scattering by
s = −
(
p(1) + p(2)
)2
= −
(
p(3) + p(4)
)2
= −2p(1) · p(2) − 4 = −2p(3) · p(4) − 4, (16a)
u = −
(
p(1) + p(3)
)2
= −
(
p(2) + p(4)
)2
= −2p(1) · p(3) − 4 = −2p(2) · p(4) − 4, (16b)
t = −
(
p(1) + p(4)
)2
= −
(
p(2) + p(3)
)2
= −2p(1) · p(4) − 4 = −2p(2) · p(3) − 4 (16c)
s+ t+ u = −8. Comparing the string scattering amplitude of four-tachyon scattering with a massless pole, deduced
from the Veneziano amplitude with that of four-tachyon mediated by a massless gauge field, we may identify the local
four-tachyon interaction:
I localφ4 = Istringφ4
∣∣∣
gauge
− Ipert
φ4
∣∣∣
gauge
= −g2
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
)
(t+ 4)
s
(
φ(p(1))†φ(p(2))φ†(p(3))φ(p(4))
)
+
g2
2
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
2(t+ 4) + s
s
) (
φ(p(1))†φ(p(2))φ†(p(3))φ(p(4))
)
=
g2
2
∫ 4∏
r=1
dp(r) δ
(
4∑
r=1
p(r)
) (
φ(p(1))†φ(p(2))φ†(p(3))φ(p(4))
)
=
g2
2
∫
ddx
(
φ†φ
)2
. (17)
It was found that a local four-tachyon interaction term is needed to match the four-tachyon scattering amplitude of
string theory with a local perturbative field theory. It is noteworthy that this quartic term of tachyon potential has
been also found in D-brane-anti D-brane systems [37–40]. Accordingly, the cubic interaction IφAA, Eq.(8) may be
rewritten in terms of the complex tachyon field as follows
IφAA = g
2
∫
ddx
((
φ+ φ†
)
AµA
µ +
(
φ+ φ†
)
∂µA
ν∂νA
µ
)
. (18)
6Likewise, the tachyon potential, including the cubic and quartic terms, may be given by
VT (φ) = −φ†φ− g
3
(
φ† + φ
) (
φ†φ
)
+
g2
2
(
φ†φ
)2
. (19)
IV. TACHYON CONDENSATION ON A SINGLE D-BRANE
Having fixed the tachyon potential, we carry out functional analysis to find stable minima. It may be convenient
to introduce two real fields, θ and ϕ to express the complex tachyon field, φ(x) = eiθ(x)ϕ(x), to analyze the tachyon
potential. In terms of two real fields, the tachyon potential may be written as follows:
VT (θ, ϕ) = −ϕ2 − 2g
3
cos θ ϕ3 +
g2
2
ϕ4. (20)
Extrema of the potential are determined by
∂VT
∂ϕ
= −2ϕ− 2g cos θϕ2 + 2g2ϕ3 = 0, (21a)
∂VT
∂θ
=
2g
3
sin θ ϕ3 = 0. (21b)
Fig. 3 depicts the tachyon potential in a covering space, showing that the tachyon potential has three extrema with
θ = 2npi, n ∈ Z where
ϕ =
(
1−√5)
2g
, ϕ = 0, ϕ =
(
1 +
√
5
)
2g
. (21c)
q
j
VT
FIG. 3: Tachyon potential in a covering space.
A stable minimum is located at ϕ = ϕ0 =
(1+
√
5)
2g , θ = 0. The tachyon potential along the line with θ = 0 is
portrayed in Fig. 4. It is clear from the pictures that tachyon field may condensate; 〈φ〉 = ϕ0. Near the stable
minimum point, if the tachyon field φ is expanded,
φ = eiθ (ϕ0 + ϕ) , (22)
the Lagrangian for tachyon, including the potential VT , may be written by
L = −1
2
(
∂ϕ∂ϕ+ (ϕ0)
2∂θ∂θ
)−
(
2 +
√
5
3g2
)
θ2 − (5 +
√
5)
2
ϕ2 − VT (0, ϕ0). (23)
7It follows from Eq.(23) that the tachyon fields represented by θ and ϕ become very massive and completely disappear
from the physical low energy spectrum of particles: Scaling θ → θ/ϕ0, we find m2θ = 1+
√
5
6 , m
2
ϕ = 5 +
√
5. It is
also notable that the gauge particle, Aµ becomes a massive one at Planck scale with m
2
A = (1 +
√
5)/2 as a result of
the cubic interaction, φAµA
µ. (After the tachyon condensation, a quartic interaction of type |φ|2AµAµ additionally
contributes to the mass of gauge particle.) Thus, due to the tachyon condensation, both scalar tachyons and gauge
particles acquire masses at Planck scale and as a result, the spectrum of bosonic string on a single D-brane contain
only massive particles.
j
VT
FIG. 4: Tachyon potential along the line, θ = 0.
V. CONCLUSIONS
The three-string and four-string scattering amplitudes were examined for the construction of a field theoretical
model to reproduce the same scattering amplitudes in the tachyon sector. In string theory cubic couplings of particles
are completely fixed by expanding the three-string scattering amplitude: Choosing tachyons and gauge particles for
external string states, the cubic interaction terms between tachyons and gauge particles on a single D-brane were
obtained. Local quartic interactions between particles can be determined by four-string scattering amplitudes: Four-
string scattering amplitudes contain both four-particle scattering amplitudes generated perturbatively by cubic particle
interaction and those due to local four-particle interactions. Thus, in order to obtain local four-particle interactions,
the four-particle scattering amplitudes generated perturbatively by cubic interactions must be subtracted from the
four-particle scattering amplitude deduced from the four-string scattering amplitudes. In previous works, procedure
was applied to four-gauge-field scattering amplitude and obtained the quartic gauge interaction term of non-Abelian
gauge theory from the four-string scattering amplitude on multiple Dp-branes [25, 26]. In this work, the Veneziano
amplitude was decomposed into the four-particle scattering amplitudes by using Feynman diagrams. If the Veneziano
amplitude is expanded in terms of s-channel poles, each term may be identified with the corresponding particle
scattering amplitude depicted by a Feynman diagram. To summarize the result, we find that the tachyon on a single
D-brane may be represented by a complex field otherwise the massless pole of the Veneziano amplitude cannot be
consistently generated by cubic particle interactions. As in the case of the non-Abelilan gauge particle, we identify the
precise form of the quartic tachyon interaction, which may lead the tachyon to condensate and stablizes the D-brane
system. The tachyon fields acquire masses at Plank scale and completely disappear from the low energy spectrum.
To conclude this work: It is interesting to note that gauge fields also become massive due to a cubic interaction
φAµA
µ after the tachyon condensation. In usual Higgs mechanism, gauge fields become massive through the quartic
interaction of type |φ|2AµAµ. (The masses of gauge fields on a single D-brane may also get additional contributions
from the quartic interaction, |φ|2AµAµ.) It may be more interesting to analyze the tachyons in open string theories
on multiple Dp-branes and tachyon condensation on more sophisticated configurations of D-brane systems such as
D-D¯ systems [9, 13, 14, 37–42] by extending this work. Vacuum of string theories on multiple Dp-branes may have
richer structures than currently known. Certainly, the closed string tachyon must be also on a short list to be explored
along the line we discussed here. Some results of further explorations in these directions may be presented in papers
sequel to this work.
8Acknowledgments
This work was supported by Basic Science Research Program through the National Research Foundation of Ko-
rea(NRF) funded by the Ministry of Education (2017R1D1A1A02017805). The author acknowledges the the hospi-
tality at APCTP where part of this work was done.
[1] G. Veneziano, Nuovo Cimento A 57, 190 (1968).
[2] P. Di Vecchia, Lect. Notes Phys. 737, 59 (2008).
[3] M. Virasoro, Phys. Rev. 177, 2309 (1969).
[4] J. A. Shapiro, Phys. Rev. 179, 1345 (1969).
[5] A. Neveu and J. H. Schwarz, Nucl. Phys. B 31, 86 (1971).
[6] A. Neveu and J. H. Schwarz, Phys. Rev. D 4, 1109 (1971).
[7] P. Ramond, Phys. Rev. D 3, 2415 (1971).
[8] F. Gliozzi, J. Scherk and D. I. Olive, Nucl. Phys. B 122, 253 (1977).
[9] A. Sen, JHEP 9808, 012 (1998).
[10] A. Sen and B. Zwiebach, JHEP 0003, 002 (2000).
[11] A. A. Gerasimov and S. L. Shatashvili, JHEP 0010, 034 (2000).
[12] D. Kutasov, M. Marin˜o and G. Moore, JHEP 0010, 045 (2000).
[13] P. Kraus and F. Larsen, Phys. Rev. D 63, 106004 (2001).
[14] T. Takayanagi, S. Terashima and T. Uesugi, JHEP 0103: 019 (2001).
[15] T. Lee, Phys. Rev. D 64, 106004 (2001).
[16] T. Lee, Phys. Lett. B 520, 385 (2001).
[17] T. Lee, J. Korean Phys. Soc. 42, 34 (2003).
[18] T. Lee and G. Semenoff, JHEP 0505, 072 (2005).
[19] M. Hasselfield, T. Lee, G. W. Semenoff and P. C. E. Stamp, Ann. Phys. 321, 2849 (2006).
[20] T. Lee, JHEP 0611, 056 (2006).
[21] T. Lee, JHEP 0802, 090 (2008).
[22] T. Lee, JHEP 03, 078 (2009).
[23] A. Sen, JHEP 0204, 048 (2002).
[24] T. Lee, Ann. Phys. 183, 191 (1988).
[25] T. Lee, Jour. Kor. Phys. Soc. 71, 886 (2017).
[26] T. Lee, Phys. Lett. B 768, 248 (2017).
[27] T. Lee, Chinese Phys. C 42, 113105 (2018).
[28] S. H. Lai, J. C. Lee, Y. Yang, and T. Lee, Phys. Lett. B 776, 150 (2018).
[29] T. Lee, EPJ Web of Conferences 168, 07004 (2018).
[30] T. Lee, Phys. Lett. B 782, 589 (2018).
[31] T. Lee, to be published in Phys. Lett. B (2019), Four-gauge-particle scattering amplitudes and Polyakov string path integral
in the proper-time gauge, arXiv:1812.06272.
[32] A. M. Polyakov, Phys. Lett. B 103, 207 (1981).
[33] A. Neveu and J. Scherk, Nucl. Phys. B 36, 155 (1972).
[34] J. Scherk and J. H. Schwarz, Nucl. Phys. B 81, 118 (1974).
[35] A. A. Tseytlin, Nucl. Phys. B 276, 391 (1986).
[36] E. Coletti, I. Sigalov and W. Taylor, JHEP 0309, 050 (2003).
[37] E. Hatefi, JCAP 1309, 011 (2013).
[38] E. Hatefi, JCAP 1604, 055 (2016).
[39] E. Hatefi, JHEP 1709, 025 (2017).
[40] E. Hatefi, JCAP 1905, 044 (2019).
[41] M. Gutperle and A. Strominger, JHEP 0204, 018 (2002).
[42] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005).
